This trial was conducted to explore the safety of recombinant fusion protein ESAT6-CFP10 as a skin test reagent for the diagnosis of Mycobacterium tuberculosis infection. Twenty-four healthy adult volunteers were recruited and randomized into four groups (groups A to D) to study four increasing doses of ESAT6-CFP10. All subjects in each dose group received an intradermal injection of reagent (0.1 ml) via the Mantoux technique. Then, the vital signs of all subjects were monitored, and skin reactions around injection sites and adverse events were recorded at different detection time points after the skin test. No serious adverse events were observed in this study. A total of 3 subjects had unexpected events. One subject in group A developed subcutaneous hemorrhage 24 h after the skin test, one subject in group B was found with red spots 15 min after the skin test, and another subject in group A showed abnormity during a chest X-ray after the skin test without affecting her health. One of three adverse events (red spots) was probably related to the recombinant ESAT6-CFP10 reagent. A single dose of 1, 5, 10, or 20 g/ml of recombinant ESAT6-CFP10 as a skin test reagent for M. tuberculosis infection diagnosis is well tolerated and safe in China. (This study has been registered at ClinicalTrials.gov under registration no. NCT01999231.)
A lthough tuberculosis (TB) has been a curable disease, it still remains a major global problem that seriously threatens human health. According to the WHO Global TB report 2015, there were 9.6 million new cases and nearly 1.5 million TB-related deaths in 2014 (1) . Thus, exploring diagnostic techniques with high sensitivity and specificity is crucial for controlling TB development and its drug resistance.
TB is caused by infection with Mycobacterium tuberculosis, an intracellular pathogen transmitted by air (2) . Several in vitro assay systems based on the detection of immune reactivity against an M. tuberculosis-specific antigen have been established and widely accepted in recent years. Early secreted antigenic target 6-kDa protein (ESAT6) and culture filtrate protein of 10 kDa (CFP10), two major M. tuberculosis-specific antigens, have been reported to play key roles in the virulence of M. tuberculosis and elicit strong T-cell responses (3, 4) . Interferon gamma release assays (IGRAs) based on immune recognition against ESAT6 and CFP10 have been used to help diagnose activated and latent M. tuberculosis infection (5) . IGRAs have an increased specificity compared to the conventional tuberculin skin test (TST) because the antigens included in IGRAs, namely, ESAT6 and CFP10, have been selected based on their absence in many environmental nontuberculous mycobacteria and the vaccine strain Mycobacterium bovis Bacillus Calmette-Guérin (BCG), which can only be detected in a number of pathogenic mycobacteria species, including M. tuberculosis, and a minority of nontuberculous mycobacteria (Mycobacteria kansasii, Mycobacteria szulgai, Mycobacteria marinum, and Mycobacteria riyadhense), altogether limiting false-positive reactions (6, 7) . However, this diagnostic method is costly and equipment-intensive. It is not always available in many parts of the world, especially in remote areas and areas where TB is endemic and resources are limited. Therefore, developing an inexpensive and simple method with high sensitivity and specificity for the diagnosis of TB and latent M. tuberculosis infection is still necessary.
The conventional TST uses tuberculin or purified protein derivative (PPD) as a skin test reagent and has been used widely to support the diagnosis of TB or the detection of latent M. tuberculosis infection for a long time across the world and even in resource-limited areas (8) . This method is inexpensive and easy to operate. PPD contains a large number of antigens that are also present in many other environmental mycobacteria species and BCG vaccine strains (3). Thus, a conventional TST based on immune reactivity against PPD has a limited ability to distinguish the memory T cell responses to M. tuberculosis infections from those of other similar infections. An improved TST based on immune recognition against ESAT6 and CFP10 that is analogous to the IGRAs is speculated to be more specific than the conventional one. A phase II clinical trial showed that the specificity of recombinant ESAT6 and CFP10 (weight ratio of 1:1) as the skin test reagent for the diagnosis of M. tuberculosis infection was 99.3% (95% confidence interval [CI], 96% to 100%). In addition, this combination of recombinant ESAT6 and CFP10 has been demonstrated to be safe in healthy adult volunteers in a first-in-man open clinical trial (9, 10) . In the aspect of the preparation process, fusion proteins are more stable than the mixed protein solution (11) . Thus, the recombinant fusion protein ESAT6-CFP10 was supposed to be an optimized skin test reagent for the diagnosis of M. tuberculosis infection.
In this study, we evaluate the safety and tolerability of the recombinant fusion protein ESAT6-CFP10 by performing a singlecenter, randomized, and open-label phase I clinical trial. These results provide a basis for approval and wide use of the recombinant fusion protein ESAT6-CFP10 for diagnosis of M. tuberculosis infection.
MATERIALS AND METHODS
Study design. The study was designed as an open-label, single-center, randomized phase I clinical trial to assess the safety and tolerability of the recombinant protein ESAT6-CFP10 as a skin test reagent for TB. This study was performed at the Department of Tuberculosis of the Shanghai Public Health Clinical Center affiliated with Fudan University in China in accordance with the principles of the Declaration of Helsinki and the good clinical practice guidelines of the Chinese Food and Drug Administration (CFDA; no. 2013L01038). Written informed consent was obtained from each subject for blood sampling, tuberculin skin testing, electrocardiography, and hepatic and renal functions tests after an adequate explanation of the objective, methodology, and possible risks of the study. The study protocol, the investigator's brochure, and other trial-related information were approved by the Medical Ethics Committee of Shanghai Public Health Clinical Center (no. 201 [3] ; Approved 7 August 2013). The study protocol was reviewed, approved, and registered at ClinicalTrials.gov under registration no. NCT01999231 (12) .
Skin test reagent. ESAT6-CFP10 is a recombinant fusion protein of ESAT6 and CFP10, which was manufactured in Escherichia coli at Anhui Longcom Biologic Pharmacy Co. Ltd. under good manufacturing practice (GMP) requirements and Chinese Pharmacopoeia (2010) requirements. ESAT6-CFP10 manufacturing was overseen by regulators. The expression and purification of the recombinant protein were conducted by standard protocols (12, 13) . The purity of this recombinant fusion protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and high-performance liquid chromatography (HPLC) and was Ն95% purity in this study. This reagent was supplied as a liquid formulation (500 g/ml, 0.3 ml per bottle), consisting of ESAT6-CFP10 antigen, phosphate-buffered saline (1.0 mmol/liter), 3% phenol, and 0.005% Tween 80. The final product was verified by the National Institutes for Food and Drug Control. The stock solution was diluted with 1.0 mmol/liter phosphate-buffered saline containing 3% phenol and 0.005% Tween 80 to prepare the different concentrations of the proteins.
Study subjects. The trial population consisted of 24 volunteers aged 18 to 40 years with body mass indexes (BMIs) between 20 and 27, who were mainly recruited by advertising in newspapers. To enroll, participants had to be healthy, which was confirmed by physical examination, laboratory tests, and review of their recorded medical history. Subjects were excluded from the study if they met one or more of the following criteria: (i) had a history of TB or known contact with tuberculosis patients, especially with patients who were sputum smearpositive within the last 3 weeks; (ii) had congenital and/or acquired immune dysfunction or received immunosuppressive therapy or other immune-modulating drugs; (iii) had been vaccinated with live vaccines within the preceding 3 months by a standard interview; (iv) suffered from any serious illness, such as cancer, autoimmune disease, progressive atherosclerosis, diabetes, chronic obstructive pulmonary disease, acute or progressive liver disease, or kidney disease; (v) had a history of epilepsy, encephalopathy, or neurological diseases; (vi) had an acute febrile illness, infectious disease, or were hepatitis B virus (HBV), hepatitis C virus (HCV), or HIV seropositive; (vii) had attended other clinical trials within the last 3 months or any ongoing test; (viii) were pregnant or breastfeeding within the trial period; or (ix) suffered from mental or physical disability.
Allocation in study groups. Twenty-four subjects were included in our study and were randomized into four groups (groups A to D) with 6 volunteers per group, to study 4 increasing doses of the reagent (1 g/ml, 5 g/ml, 10 g/ml, and 20 g/ml). The selected doses were based on results from a previous clinical trial performed with an 11-kDa recombinant ESAT6 (14) . Randomization was performed using the Rv.Uniform function in SPSS 19.0 analysis software with a random number of 24. In the actual study, included subjects were given a specific random number and then assigned into a specific group (groups A to D). In addition, subjects were stratified according to sex at randomization. Each subject received a single dose of ESAT6-CFP10, with a total volume of 0.1 ml. This dose-escalation trial was initiated when subjects in group A received intradermal injections of ESAT6-CFP10 of 1 g/ml. If any adverse event was observed in more than half of the subjects or was considered to be serious ("serious" was defined as an occurrence of life-threatening events associated with this test), the trial would be terminated at any dose.
Skin test procedure. Subjects were tested for the recombinant protein ESAT6-CFP10 reagent via the Mantoux technique. The ESAT6-CFP10 reagent (0.1 ml) was injected with a 1-ml syringe that was fitted with a short bevel needle (21 gauge/0.51 mm) in the volar aspect of the lower one-third of the left forearm. Each subject received one dose. The needles were pierced into the dermal surface, with the bevel of the needle upward on a 5°to 10°angle. The correct injection technique was performed when a small papule was observed at the injection site in patients. The volunteers were monitored closely for local skin reactions and adverse events at 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, and 96 h after the skin test by the team of investigators. Digital photographs of all injection sites from all subjects were taken 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, and 96 h after the skin test. Calipers were used to measure the longitudinal and transverse diameters of the skin induration, redness, and/or swelling around the injection site. Redness, swelling, induration, and blister reactions were graded according to the criteria listed in Table 1 , which are based on the "principle of quantitative criterion and grading system for adverse events from vaccine for clinical trials" released by the China Food and Drug Administration in 2005 (http://www.sda.gov.cn/WS01 /CL1616/83435.html).
Safety. Safety was assessed using the following clinical assessments: (i) regular physical examination for vital signs, including respiratory rate, heart rate, blood pressure, and body temperature at 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, and 96 h after the skin test; (ii) recordings of the longitudinal and transverse diameters of induration, redness, and/or swelling around the injection site, local skin reactions, including rash, pain, and itch, as well as adverse events at 24 h, 48 h, 72 h, and 96 h after the skin test; and (iii) routine blood and urine tests, liver and kidney function tests, electrocardiography, chest X-ray, and monitoring of adverse events 1 day before and 7 days after the skin test. If any abnormality was observed during examination, the volunteer would receive another examination the next week.
All systemic and local adverse events, including anaphylactic shock, systemic allergic rash, generalized urticaria, lymphangitis, allergic purpura, and fever, generated during this clinical trial were recorded, regardless of their causal relationship with the recombinant ESAT6-CFP10 antigen. Unexpected reactions or damage occurring with the received dose and during the skin test period were considered adverse reactions. Serious adverse events were defined as life-threatening events associated with this test. Emergency measures were prepared in the event of a volunteer developing a significant clinical event or disease after injection of the recombinant ESAT6-CFP10 antigen. The relationships between the study reagent and adverse events were determined by investigators as "irrelevant," "unrelated," "probable," "certain," or "related" according to a predefined algorithm based on the modified World Health Organization Uppsala Monitoring Centre (WHO-UMC) causality assessment method by the National Center for Adverse Drug Reaction (ADR) Monitoring (China) as described previously (15) .
Statistical analysis. All data in our study were verified by a third-party that was blinded to treatment allocation and grouping. The process for data verification was as follows. Data entry was completed using EpiData 3.0 software (EpiData Association, Odense, Denmark) by data editors. Data information recorded by editors included the number of included subjects, information for exclusion and dropping out of our study, basic demographic features of subjects, and results from the study. They also investigated the balance of data in each group and the comparability among groups. If they had any questions about the data, they directed inquiries to the supervisor who passed them on to our team. Then, researchers from our team offered answers in writing to the data editors after a careful examination of the whole study process. Statistical analysis was performed with SAS 9.3 software (SAS Institute, Cary, NC, USA). The differences in demographic characteristics among groups were calculated with one-way analysis of variance (ANOVA) or Fisher's exact test. All adverse events were evaluated descriptively.
RESULTS

Subjects.
A total of 24 healthy volunteers, 12 male and 12 female, meeting the inclusion criteria were enrolled in this trial. All of them completed the study trial, and no one dropped out during the test. None of the participants included in our study had any history of prior TST after a standard interview. The study design is shown in Fig. 1 . After grouping, there were no significant differences among the four groups in terms of age, gender, ethnic group, height, weight, or body mass index (Table 2) . Additionally, laboratory tests for HIV, HBV, HCV, and syphilis and sputum smear microscopy for acid-fast bacilli were all negative in the four groups. The volunteers among the four groups had no history of allergies.
Group A (subjects received 1 g/ml of ESAT6-CFP10). Group A consisted of 3 men and 3 women aged 25.00 Ϯ 3.93 years (21.3 to 31.5 years old). One subject (no. 6) developed a 2-by 2-mm subcutaneous hemorrhage at the injection site 24 h after the skin test, which flattened at 48 and 72 h and subsided 96 h after the skin test. Following the classification criteria of local reactions (Table 1) , it was a mild local skin reaction (Fig. 2) . Another subject (no. 12) had a positive pregnancy test after the skin test, although a urine pregnancy test was negative before the trial. Additionally, a chest X-ray examination revealed trace effusions before her enrollment and mild bilateral hydrothorax on the 7th day after the skin test in the same subject. On the 9th day after the skin test, her pregnancy was confirmed by ultrasound. She had no other symptoms and refused to go to the hospital for a review. She told us that she terminated the pregnancy in hospital 13 days after the skin test during a follow-up by telephone. No other volunteers in group A developed any local skin reaction or adverse events.
Group B (subjects received 5 g/ml of ESAT6-CFP10). Group B included 3 men and 3 women aged 25.63 Ϯ 4.13 years (19.3 to 30.5 years old). One subject (no. 2) developed a mild local reaction of red spots scattered within an area of 32 by 25 mm at the injection site 15 min after the skin test. The size of the scattered red spots remained unchanged 30 min after the skin test. These red spots disappeared on the next day after the skin test (Fig. 3) . No other skin reactions or adverse events were found in group B.
Group C (subjects received 10 g/ml of ESAT6-CFP10). There were also three women and three men included in group C. Their ages ranged from 25.0 years old to 34.3 years old, with a mean age of 30.07 Ϯ 4.00 years (19.3 to 30.5 years). None of the volunteers in this group developed a local skin reaction or an adverse event.
Group D (subjects received 20 g/ml of ESAT6-CFP10). As with the other groups, 3 women and 3 men were enrolled in group D with a mean age of 27.68 Ϯ 3.79 years, ranging from 23 years old to 33.1 years old. None of the volunteers in this group showed a local skin reaction or an adverse event.
Safety outcomes. For vital signs, such as blood pressure, respiration, heart rate, body temperature, and nighttime axillary temperature, no significant changes were observed for any of the volunteers at different detection time points after the test. Additionally, there were no significant changes in white and red blood cell counts, erythrocyte and platelet counts, hemoglobin level, urine protein level, or liver and kidney function among the volunteers before and after the skin test.
Outcomes for adverse events are shown in Table 3 . No seri- ous adverse events were found in any subject during the whole experiment. Three of the 24 volunteers developed episodes of adverse events. One subject in group A and one subject in group B had mild local reactions. The abnormality during the chest X-ray examination in one subject in group A did not affect the health of the volunteer and was supposed to be not related to this skin test or the recombinant fusion protein as judged by clinicians.
DISCUSSION
TB remains a public health problem that seriously affects human health (1). It is essential to develop a diagnostic method with high sensitivity and specificity for the detection of M. tuberculosis infection. Several diagnostic methods, including bacteriological tests, imaging test, as well as immunological methods, can be used for the diagnosis of TB, while only indirect immunological means The increasing doses of the reagent were 1 g/ml (group A), 5 g/ml (group B), 10 g/ml (group C), and 20 g/ml (group D). are able to detect the latent infection of M. tuberculosis (16, 17) . TSTs using tuberculin or PPD as the skin test reagent are a major means of immunological diagnosis and have been applied for more than 100 years owing to their low cost and ease of operation (18, 19) . The main disadvantage for this diagnosis method is low specificity (20) . Recently, M. tuberculosis-secreted antigens serving as TB skin test reagents have attracted a lot of interest in the diagnosis of TB (21) .These antigens, including ESAT6, CFP10, PE13, PE5, MPB70, TB10.4, and TB27.4, have been tested. ESAT6 and CFP10 are powerful antigens that elicit humoral and cellular immunity, so they are considered the most promising antigens as skin test reagents (22) . Additionally, when used in combination, they showed higher diagnostic value than when used alone (23). Bergstedt et al. indicated that the combination of ESAT6 with CFP10 in a novel skin test reagent appeared safe by performing a small-scale first-in-man phase I clinical trial (9) . Nevertheless, considering the preparation process, the mixed protein solution of these two recombinant proteins is less stable than the recombinant fusion proteins (11) . Thus, using recombinant fusion protein ESAT6-CFP10 as a skin test reagent should be effective and more
FIG 2
Mild skin reactions in one subject (no. 6) in group A (subjects received 1 g/ml of ESAT6-CFP10), who developed a 2-by 2-mm subcutaneous hemorrhage at the injection site 24 h after the skin test, which flattened at 48 and 72 h and subsided at 96 h after the skin test.
FIG 3
Mild skin reactions in one subject (no. 2) in group B (subjects received 5 g/ml of ESAT6-CFP10), who was observed with red spots scattered within an area of 32 by 25 mm at the injection site 15 min after the skin test. These red spots disappeared on the next day after the skin test.
stable for the diagnosis of M. tuberculosis infection. Excitingly, this fusion protein has been demonstrated to induce a significantly higher cellular immunity response than the BCG vaccine as well as a protection efficacy similar to that of BCG in a preclinical study in mice (24) . Therefore, the recombinant ESAT6-CFP10 protein may have potential for clinical application. Here, we reported the first in vivo use of ESAT6-CFP10, a recombinant fusion protein of ESAT6 and CFP10, as a skin test reagent for M. tuberculosis, with four doses of 1 g/ml, 5 g/ml, 10 g/ml, and 20 g/ml in this phase I clinical study in China. This fusion protein is obtained using genetic engineering technology. The main aim of this study was to explore the safety and tolerability of ESAT6-CFP10 in a small-scale trial. Different from previous studies with mixed protein solutions of recombinant ESAT6 and CFP10, our study was performed with the fusion protein of ESAT6 and CFP10. Following our results, no serious adverse events or recombinant ESAT6-CFP10 protein-related adverse events were found during the whole study. Among 24 healthy volunteers, three subjects developed three cases of adverse events. Two of the adverse events were mild local reactions. The reaction of one subject in group A, who was found with subcutaneous hemorrhage around the injection site after the skin test, was speculated to be caused by a needle stick injury during the skin test. One subject in group B developed red spots, which might be caused by an allergy to alcohol or the study reagent. The relationship between the study reagent and the adverse events was considered "probable." Abnormity in the chest X-ray of the remaining subject was not related to the skin test or the recombinant ESAT6-CFP10 protein. Except for the above adverse events, no other significant clinical changes were identified in volunteers in terms of blood pressure, respiration, heart rate, body temperature, night axillary temperature, blood, urine, liver and kidney function, electrocardiogram, and chest computed tomography (CT) as a result of the recombinant ESAT6-CFP10 skin test. Vital signs were all normal for each volunteer throughout this trial. Furthermore, clinical follow-up exhibited no signs of sequelae from this skin test.
Our results indicated that the recombinant ESAT6-CFP10 antigen as a skin test reagent for the diagnosis of M. tuberculosis infection in the healthy, adult Chinese population was safe and well tolerated. However, larger studies are still required to give a true impression of the adverse reaction profile of this skin test reagent. Additionally, since the main aim of this study was to explore the safety and tolerability of ESAT6-CFP10, the diagnostic performance for this fusion protein as a skin test reagent was not evaluated.
In conclusion, recombinant ESAT6-CFP10 as a skin test reagent is safe and well tolerated in healthy adults in China. Our results provide a basis for further phase II and phase III clinical trials for the recombinant ESAT6-CFP10 protein-based skin test for the detection of TB as well as the latency infection of M. tuberculosis in China.
